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Available online 14 December 2017Slimﬂoor systems are a latest addition to the existing construction types and are currently being used for various
construction purposes. Preference of slim ﬂoors over traditional composite ﬂoors is due to their ease of construc-
tion, when combined with steel decking. Considerable amount experimental work on ﬁre response of slim ﬂoors
has been conducted since 1980s. Though, these ﬂoors offer a better ﬁre resistance, however, ﬁre protection
materials including intumescent coatings are often used in situations where a higher ﬁre resistance is desired.
Fire tests have also been conducted to analyse the performance of intumescent coating applied on steel elements
as a protectionmaterial. This study presents a ﬁnite element analysis approach tomodel the behaviour of unpro-
tected and protected slim ﬂoors inﬁre. Initially, FE analysis has been performed tomodel the thermo-mechanical
behaviour of unprotected slim ﬂoors and results obtained have been veriﬁed against the reported test data. In the
middle part, thermal behaviour of an intumescent coating, applied on a steel element as a ﬁre protection, has
been modelled and veriﬁed. The veriﬁed models have ﬁnally been combined to perform thermo-mechanical
analysis for slim ﬂoors protected with intumescent coating. Results show that the protected slim ﬂoors offer a
higher ﬁre resistance as the temperature of the steel section remains within 400 °C even after 60-minute
standard ﬁre exposure. Lower temperatures in steel result in lesser reductions of strength and stiffness, hence,
the protected slim ﬂoors undergo lesser deﬂections and offer higher ﬁre resistance.
© 2017 Elsevier Ltd. All rights reserved.Keywords:
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Slim ﬂoors are amongst the trending methods of construction for
high rise residential and commercial buildings and for car parks [1].
Popularity of these ﬂoorings is attributed to their shallower depths in
comparison to that of traditional steel-concrete composite ﬂoors with
down-stand steel beams. These ﬂoors not only result in a reduction of
ﬂoor depth itself, but, also reduce the overall height of structure.
These ﬂoorings offer numerous advantages including, reduction in
usage of construction material due to lesser structure height, ease of
construction when combined with steel decking, lesser cost require-
ments, possibility to accommodate services within ﬂoor depth through
web openings and reduced carbon emissions resulting during
manufacturing process due to lesser material consumption [2]. Steel
beam section in these ﬂoors is encased within the ﬂoor depth, hence,
these ﬂoors are believed to offer a higher ﬁre resistance as steel section
is saved from direct exposure to ﬁre [3]. Numerous tests have been
conducted on slim ﬂoors to study and analyse their response in ﬁre.
These include tests conducted on their thermal and thermo-
mechanical response against different ﬁre conditions. Many of theadjai@ulster.ac.uk (A. Nadjai),
adjai).tests have been conducted at the Warrington Fire Research Centre
(WFRC) in collaboration with British Steel.
This study focuses on the response of protected and unprotected
slim ﬂoors in ﬁre. In the initial part, Finite Element (FE) modelling has
been performed for two slim ﬂoor assemblies exposed to ISO-834 stan-
dardﬁre. Themodelled test assemblies are same as the ones used during
ﬁre tests conducted in the literature [4] [5]. Predictions from the FE anal-
ysis are then veriﬁed against the reported test data. In the second part of
this study, thermal response of an intumescent coating applied on a
steel element as a ﬁre protection material has been modelled and veri-
ﬁed against the test data (6). Finally, the veriﬁed models have been
combined to simulate the response of assumed protected slim ﬂoor as-
semblies exposed to standard ﬁre. The assumed protected slim ﬂoors
are similar to the unprotected ﬂoors used during tests with only excep-
tion that a layer of intumescent coating has been added on the exposed
surfaces of the bottomﬂange. FEmodelling for protectedﬂoors has been
performed with degree of utilization similar to that adopted during the
ﬁre tests on the unprotected assemblies. Response of the protected slim
ﬂoors under full degree of utilization has also been predicted to check
their behaviour in such a scenario. In an earlier study, behaviour of
such ﬂoors in ﬁre is analysed using two different modelling tools [7].
The earlier study is limited to their thermal response only, while in
this study, FE modelling to predict thermal and thermo-mechanical
response of unprotected and protected slim ﬂoors is performed in detail
[4] [5].
Table 1
Geometric properties of steel section, WFRC 66162.
S # Description Nominal (mm) Actual (mm)
1 Beam depth 280 279
2 Beam width, top ﬂange 180 183
3 Beam width, bottom ﬂange 280 280
4 Thickness average, top ﬂange 18 16.6
5 Thickness average, bottom ﬂange 18 18.4
6 Thickness, web 18 19.5
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Experimentalwork used during this study is adopted from tests con-
ducted and reported before as no experimental work was conducted
during this study by the authors. Details of the tests conducted on slim
ﬂoor assemblies and on the intumescent coating are given in the
following.
2.1. Tests on slim ﬂoors
WFRC in collaborationwith the British Steel conducted various tests
to study thermal and thermo-mechanical response of slim ﬂoors in ﬁre.
During these tests, rolled asymmetric slim ﬂoor beam (ASB) sections
were used in combinationwith composite slab formed using steel deck-
ing and normal weight concrete. Two such tests, WFRC 66162 and
WFRC 67756, conducted to analyse their thermo-mechanical response
are used in this study. Both ﬁre tests were conducted against standard
ﬁre exposure, the standard temperature time curve, ISO-834 [8].
Test WFRC 66162, was conducted on the 14th of February 1996 on a
5000 mm long slim ﬂoor assembly spanning 4500 mm between
supports. This test assembly consisted of an ASB 280 rolled steel beam
section and a composite slab. The composite slab was formed using
Comﬂor 210 steel decking and normal weight concrete. Nominal
depth of the assembly was 308 mm while the width was 950 mm as
shown in Fig. 1. Depth of the steel beam section was 280 mm while
the width of top and bottom ﬂange was 180 mm and 280 mm respec-
tively. Thickness of ﬂanges and web were uniform and was 18 mm as
shown in Fig. 1. A 28 mm concrete layer reinforced with A-142 steel
mesh was laid above the top ﬂange. Dimensions of the steel beam sec-
tion were found to be slightly different and are given in comparison to
nominal ones in Table 1. Aside from the geometric variations, actual
yield strength of the structural steel was found to be 402 MPa, much
higher than the nominal value of 355 MPa. Further details can be
found in a technical note published by the British Steel [4].
During the test, detailed instrumentation was conducted to record
temperatures and vertical deﬂections. 153 K-type thermocouples were
used to record temperatures on steel part at various locations along its
length. In addition, temperatures were also recorded at 30 different
locations in concrete and at 3 locations on the steel decking. Vertical de-
ﬂections of the ﬂoor were recorded at six distinct locations along its
length including that at mid-span. External load was applied at four
locations, directly to the steel beam section through hydraulic rams.
Each hydraulic ram applied 84.6 kN load which in addition to the self-
weight induced a 198.81 kN-m moment in the test assembly. This ap-
pliedmoment represented a 0.423 degree of utilizationwhen compared
to the cold capacity of the test assembly. Hydraulic rams were locatedFig. 1. Test Assembly WFRC 66162, (a) Elevati1125 mm apart. Under this degree of utilization, the test specimen
was expected to achieve a ﬁre resistance of more than 60 min based
on the results of analysis ignoring the enhanced action between steel
and concrete [4]. The slim ﬂoor assembly was tested against ISO-834
standard ﬁre [8].
The second test,WFRC67756,was conducted on the 4th of September
1996. Details and observations made before, during and after the test are
published as a report [5]. These include details on geometry, material
properties and thermal and structural data recorded. This test was con-
ducted on a slim ﬂoor assembly consisting of an ASB section. Nominal
depth of the ﬂoor assembly was 334 mm while the width was
1000 mm as shown in Fig. 2. Steel with a 355 MPa yield strength was
used to form the steel beam section which was 304 mm deep. Nominal
widths of the top and bottom ﬂanges were 190 mm and 300 mm
respectively. The nominal thickness of ﬂanges was 20 mmwhile that of
the web was 18 mm. A 30 mm layer of normal weight concrete was
laid above the topﬂange andwas reinforcedwithA-142 steelmesh.Mea-
sured dimension of the steel section differed to nominal ones as given in
Table 2. Apart from the geometric variations, the actual yield strength of
the structural steel was found to be 392 MPa, higher than the nominal
355 MPa strength [5].
Similar to the previous test, instrumentation to record temperatures
and displacements was done during the test. K-type thermocouples
were used to record temperatures in the steel beam across its section
at various locations along its length. In addition, temperatures were re-
corded in concrete and on steel decking. Vertical deﬂections of the ﬂoor
assemblywere recorded atmid-span. Loadwas applied at four locations
though hydraulic rams 530mmapart. Each hydraulic ram applied 85 kN
load which in addition to the self-weight induced a moment
representing 0.390 of its capacity at ambient temperatures. Calculated
moment resistance of the specimenwas 796 kNm at normal conditions.
Capacity of the assembly is based on the results from analysis ignoring
the enhanced action between steel and concrete only considering the
resistance offered by the steel section alone. Like in the case of the
previous test, slim ﬂoor assembly was tested against standard ﬁre
exposure, ISO-834.on; (b) Section at A-A; (c) Section at B-B.
Fig. 2. Test Assembly WFRC 67756, (a) Elevation; (b) Section at A-A; (c) Section at B-B.
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Various experimental investigations were performed to analyse the
response of intumescent coating as a ﬁre protection material. These
tests were conducted on protected steel elements with intumescent
coating. The protected surfaces of these specimen are exposed to stan-
dard ﬁre, ISO-834, in a furnace and response of intumescent coating is
analysed. The selected test was conducted on a steel angle with intu-
mescent coating applied on external surface of one leg [6]. The steel
angle has square shaped legs with outer dimensions of 100 mm each.
These legs have uniform thickness of 10 mm. On the outer surface of
one leg, a 1200 μm layer of intumescent coating was applied. The spec-
imen is then exposed to ﬁre in a furnacewith protected surface exposed
directly to ﬁre [6]. Other surfaces and edges of the specimen were
protected using mineral wool and plaster board to create adiabatic
boundary conditions as shown in Fig. 3.
Response of intumescent in ﬁre conditions is dependent on various
parameters including the section factor of the elements on which it is
applied. The specimen used for the intumescent coating test described
above has a section factor of 53 m−1. This section factor is close to the
section factors of the slim ﬂoors WFRC 66162 and WFRC 67756, which
are 61.5 m−1 and 55.08 m−1 respectively, when the outer surfaces of
the bottom ﬂange are protected and section factor is calculated using
Eq. (1) [9]. Hence, the behaviour of intumescent coating when applied
on these slim ﬂoor assemblies is expected to be similar to that in case
of the test performed on the steel angle with similar section factor.
AEXP
VTOT
¼ PEXP
ATOT
¼ PEXP BOTTOM FLANGE
ATOT BOTTOM FLANGE
ð1Þ
3. Finite element modelling
Details of the FE modelling method used during this study are
presented in the proceeding sections. In the ﬁrst part, FE modelling
used for unprotected slim ﬂoors is discussed while in the second part,Table 2
Geometric properties of steel section, WFRC 67756.
S # Description Nominal (mm) Actual (mm)
1 Beam depth 304 305.8
2 Beam width, top ﬂange 190 198
3 Beam width, bottom ﬂange 300 306
4 Thickness average, top ﬂange 20 21.7
5 Thickness average, bottom ﬂange 20 20.6
6 Thickness, web 18 17.2the same for the test on intumescent coating is given in detail. Finally,
FE modelling procedure for assumed protected slim ﬂoor assemblies is
provided.
3.1. Unprotected slim ﬂoors
FEmodelling for slim ﬂoors is performed using ABAQUS [10], a com-
mercial software used to perform ﬁnite element analyses and for com-
puter aided engineering. FE modelling consists of two phases. The ﬁrst
phase where thermal analysis is performed while in the second phase
structural analysis is performed. All external loadings, ﬁre exposure
and boundary conditions are in accordance with the reported test data
(4) [5]. During thermal analysis, non-linear thermal properties of steel
and concrete (thermal conductivity and speciﬁc heat) are taken from
the Eurocodes [11]. The mechanical properties of materials during
structural analysis have also been taken from the Eurocodes [11] with
the exception that the actual yield strength for structural steel is used
instead of the nominal values. Full scale FE models are developed for
both slim ﬂoors during this study.
8 node hexahedral solid linear heat transfer elements, DC3D8, are
used during thermal analysis phase. Convection coefﬁcient for exposed
and unexposed surfaces are 25 W/m2K and 9 W/m2K respectively as
given in the Eurocodes [12]. Radiation emissivity for the exposed steel
surfaces is taken 0.5 from a previous study [14] [15] while the same
for exposed concrete surfaces was taken as 0.25 from Eurocodes [13].
Any heat losses due to radiation from the unexposed surfaces are ig-
nored during the analysis. Thermal predictions obtained during the
ﬁrst phase are applied to the slim ﬂoor to study the effects of heating
on its structural response in later part of the analysis. In second phase,
structural analysis is performed in two steps. In the ﬁrst step, loads are
applied to the assembly while in the later step, the slim ﬂoor assembly
is heated using the temperature predictions obtained from ﬁrst phase.
Unlike the case in testswhere 4-point loadingwasused, a uniformly dis-
tributed load is applied during FE modelling as a representative of theFig. 3. Test assembly for intumescent coating.
Table 3
Properties of intumescent coating [17].
Speciﬁc heat [J/kgK)] 1200
Density [kg/m3] 200
Water content 0
Convection coefﬁcient on exposed surfaces 20
Radiation emissivity 0.95
47N. Alam et al. / Journal of Constructional Steel Research 142 (2018) 44–54test load. For structural analysis, distinct set of analysis elements are
employed for concrete and steel. Concrete ismodelled using 8-node lin-
ear brick elements, C3D8, while the steel is modelled using incompati-
ble mode elements, C3D8I. These elements were found to yield better
results in comparison to other available element types in ABAQUS [14]
[15]. Non-linear behaviour of concrete is modelled using ‘the concrete
damaged plasticity model’ while the same for steel is modelled using
‘Von Mises plastic model’. Dilation angle has been set to 55° for the
same reasons mentioned previously [14] [15]. Contact between con-
crete and steel is modelled using the contact pair option available in
the software. Perfect thermal contact is modelled between the twoma-
terials with no heat losses. In case of structuralmodelling, tangential be-
haviour for concrete and steel is modelled using ‘Coulomb friction
model’ by deﬁning a coefﬁcient of friction. The value of this coefﬁcient
is 0.5, taken from the Eurocodes [11]. A similar procedure has been
adopted in the literature [16] to study the response of partially unpro-
tected shallow ﬂoor beams exposed to standard ﬁres.
3.2. The intumescent coating
A full-scale FE model is developed for the test on intumescent coat-
ing described before which was conducted on steel angle with a 1200
μm layer of intumescent coating applied on the exposed surface. Similar
to the slim ﬂoor case, 8 node hexahedral solid linear heat transfer ele-
ments, DC3D8, are used tomodel its thermal response. Thermal proper-
ties of the structural steel, thermal conductivity and speciﬁc heat, are
taken from the Eurocodes as in the case of the slim ﬂoors [13]. In case
of the applied intumescent coating, the thermal conductivity (shown
in Fig. 4) was found to vary at different temperatures during the test,
hence wasmodelled accordingly. Other properties of intumescent coat-
ing, speciﬁc heat, density, water content, convection coefﬁcient and ra-
diation emissivity are taken from an earlier reported work [17]. For the
exposed surfaces, convection coefﬁcient and radiation emissivity are
taken 20 and 0.95 respectively as given in Table 3. FE analysis of intu-
mescent coating on steel angle was performed to assess the validity of
FE modelling approach used in this study so that the veriﬁed method
can be used to model the response of intumescent coating applied on
assumed protected slim ﬂoors in the later part. As ﬁre protection mate-
rials are assumed to have no contribution to the structural capacity of
the members, hence, the test and the FE modelling for intumescent
coating are limited to thermal response only and no investigations on
structural response have been conducted.0
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Fig. 4. Thermal conductivity of intumescent coating at different temperatures [6].3.3. Protected slim ﬂoors
Though no tests on protected slimﬂoorswere used during this study
for a direct comparison of test results and predicted response, however,
FE analysis is performed for assumed protected slim ﬂoors by combin-
ing the veriﬁedmodels for unprotected slim ﬂoor tests and for intumes-
cent coating test described before. Simulated protected slim ﬂoors are
similar to the unprotected slim ﬂoors described previously except that
a layer of intumescent coating, 1200 μm, is assumed to be applied on
exposed surfaces of the bottom ﬂange of the steel section as shown in
Fig. 5. Thermal and mechanical properties of all materials, steel, con-
crete and intumescent coating, are same as those discussed in previous
sections. Response of protected slim ﬂoor in ﬁre is analysed in two
phases, thermal and structural. In ﬁrst phase, thermal analysis is per-
formed for protected slim ﬂoors and temperature predictions are ob-
tained. While in the later phase, the combined effect of loading and
heating is analysed in two steps. Initially, loads are applied which is
followed by heating the assembly with thermal predictions obtained
during the ﬁrst phase. The FE modelling is performed to analyse the be-
haviour of protected slimﬂoors under the same loads as used during the
tests conducted on unprotected slim ﬂoors.
In the ﬁnal part, structural response of protected slim ﬂoors in ﬁre is
analysed under a loading representing their full degree of utilization.
This will help to understand their behaviour for such cases where no
load reductions take place in a ﬁre scenario. It should be noted that
any structural contribution of the intumescent coating applied is ig-
nored during this study.
4. Observations and ﬁndings
Predictions on the thermal and structural response obtained from
the FE modelling are presented in this section. These predictions are
given in comparison with the recorded test data for unprotected slim
ﬂoors and for test on intumescent coating while for protected slim
ﬂoors, these are presented in comparison to thermal and structural pre-
dictions obtained during the FE analysis performed for unprotected slim
ﬂoors.
4.1. Unprotected slim ﬂoors
Both tests conducted on the slim ﬂoors were well instrumented to
measure temperature development and vertical deformations at vari-
ous locations along their length. During the test, thermal and deﬂection
recordings were made on the steel and in concrete and are reported inFig. 5. Slim ﬂoor protected with intumescent coating.
Fig. 6. Thermal predictions for unprotected slim ﬂoors; (a) WFRC 66162, (b) WFRC 67756.
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Fig. 7. Thermal predictions WFRC 66162, test vs FE modelling; (a) Section A-A, (b) Section B-B.
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Fig. 8. Thermal predictions WFRC 66162, test vs FE modelling for concrete.
48 N. Alam et al. / Journal of Constructional Steel Research 142 (2018) 44–54form of spread sheets [18]. Thermal predictions obtained during the FE
modelling are given in comparison to the test data obtained for different
locations on steel part and in concrete. For this purpose, two distinct lo-
cations are selected on the test assembly due to geometric variations.
These locations are referred to as section A-A and section B-B in this
paper. Section A-A represents the part of the slim ﬂoor with maximum
concrete depth and width resulting from the shape of decking. On the
other hand, section B-B represents the part of slim ﬂoor with minimum
concrete depth and lowest concrete width on both sides of steel web as
shown in Fig. 1 and Fig. 2. Although test data is available for various such
locations, comparisons are only for two selected locations to avoid un-
necessary repetitions. The selected locations being in the middle of the
furnace are expected to be least inﬂuenced by the boundaries, the fur-
nace walls, etc. Numerical results on structural response are veriﬁed
by comparing the predictionswith recorded test data on vertical deﬂec-
tion at mid-span in each case.
Temperature predictions for WFRC 66162 after an exposure of
120 min are given in Fig. 6 (a). It is seen that the maximum tempera-
tures on the exposed surfaces have exceeded 1000 °C. As expected,
these predictions are highest on the exposed surfaces towards the bot-
tom ﬂange and reducewith increasing distance towards the unexposed
upper surface. For a direct comparison with the test data, temperature
predictions at ﬁve thermocouple locations on steel part (Fig. 1 (a) and
(b)) are plotted against the test data in Fig. 7. The selected ﬁve locations
Fig. 9. Deﬂected shape of WFRC 66162 slim ﬂoor assembly.
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Fig. 10. Test vs predicted deﬂection, WFRC 66162.
49N. Alam et al. / Journal of Constructional Steel Research 142 (2018) 44–54represent two thermocouple locations on the bottom ﬂange, two on
web and one on the top ﬂange. It is seen in Fig. 7 (a) that temperature
predictions are in very good agreement with the recorded test data
for section A-A. Similarly, temperature predictions obtained for section
B-B are plotted against test data for the same thermocouple locations.
These predictions are also in very good agreement with the recorded
test data (Fig. 7 (b)). Hence this FE modelling approach provides good
temperature predictions for distinct locations on steel section irrespec-
tive of the geometric variations along the span.0
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Fig. 11. Thermal predictions WFRC 67756, test vs FIn addition to the steel part, temperature predictions obtained
for three distinct thermocouple locations in the concrete slab
(Fig. 1 (b) and (c)) are also plotted against the recorded test. The
selected locations represent concrete part at section A-A and section
B-B. These temperature predictions are also in good agreement with
the reported test data as shown in Fig. 8. Hence, the FE modelling
approach used is suitable to obtain thermal predictions for slim ﬂoors
irrespective of the material type.
Structural response of slim ﬂoor assembly is evaluated based on pre-
dicted vertical deformations obtained from the analytical investigation.
Fig. 9 shows the deformed shape of WFRC 66162 test assembly at the
end of FE analysis. Deﬂection is maximum at the mid span and de-
creases with increase in distance towards the supports from centre.
The slim ﬂoor assembly displayed a ﬁre resistance of 102 min at
which the predicted deﬂection was 186.5 mm. At this point, materials
lost their strength and stiffness as a result the slim ﬂoor assembly was
not able to sustain any further loading, hence, failure occurred. Predict-
ed mid-span deﬂection is plotted against recorded test data in Fig. 10.
The predicted deﬂection is in very good agreement with test data. Fur-
ther the deﬂection trend over heating period is also similar. Hence, FE
modelling approach used in this study is not only capable of providing
thermal predictions but also provides thermo-mechanical predictions
for slim ﬂoors with accuracy.
Efﬁciency of FE modelling approach used is further evaluated by
comparing the thermal and deﬂection predictionswith the test data ob-
tained fromWFRC 67756 slim ﬂoor test. Like in the previous case, com-
parisons for thermal predictions are performed for distinct locations on
steel and in concrete with the test data. It can be seen in Fig. 6 (b) that
temperatures have exceeded 1000 °C after a standard ﬁre exposure of
120 min on the exposed parts of steel and concrete. As expected, tem-
peratures are higher on the exposed lower parts and reduce with in-
creasing distance towards the unexposed faces from the ﬁre source.
Temperature predictions for thermocouple locations on the steel sec-
tion are plotted in comparison with the test data for section A-A and(b)
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Fig. 15. Thermal predictions for intumescent coating test.
50 N. Alam et al. / Journal of Constructional Steel Research 142 (2018) 44–54section B-B in Fig. 11. It is seen that the predicted temperatures are in
very good agreement with the test data for the steel part. Thermal
predictions obtained for thermocouple locations in concrete, shown in
Fig. 12, are also in good agreement with the test data.
Deﬂected shape of WFRC 67756 slim ﬂoor assembly obtained at the
end of FE modelling is given in Fig. 13. As in the case before, deﬂections
are maximum in the middle and reduce with increase in distance to-
wards the supports. Predicted mid-span deﬂection, given in Fig. 14, is
in very good agreement with the recorded test data. Fire resistance of
this slim ﬂoor assembly is predicted to be 75 min. At this point, the
rate of deﬂection increased rapidly resulting in loss of stiffness and
strength, hence, failure occurred. Deﬂection data recorded during the
test shows that failure occurred at 76 min due to high deﬂection rate.
Hence, the results predicted through FE modelling are in very good
agreement with the test data. It is seen that the deﬂection trend and
the mode of failure is also similar.
For both beams, minor differences in the results on structural re-
sponse can be attributed to the differences in strength of materials in
case of tests and FE modelling. During FE modelling, yield strength of
the structural steel is used as a representation of its strength while in
the case of tests, its ultimate strength contributes to its capacity.
4.2. The intumescent coating
Test data on the behaviour of intumescent coating material in ﬁre is
provided in terms of temperature development at a thermocouple
location on exposed leg of steel angle on which it is applied. It is seen
in Fig. 15 that there is a substantial temperature difference between
the exposed surface of intumescent coating and the adjacent steel part
on which it is applied. This difference results from the lower thermalFig. 13. Deﬂected shape of WFRCconductivity of the intumescent coatingwhich at elevated temperatures
expands and protects steel from direct exposure to higher tempera-
tures. During the test, temperature was recorded for a period of
180 min in the middle of exposed leg at thermocouple location 1 as
shown in Fig. 3. Thermal predictions at this location are plotted against
the recorded test data and are presented in Fig. 16. It is seen that FE
modelling results are in very good agreement with the test data,
hence, this FE modelling approach gives a good prediction of thermal
behaviour of the intumescent coating applied during this test. In other
words, this FE modelling procedure provides good predictions for67756 slim ﬂoor assembly.
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Fig. 17. Thermal predictions for protected slim
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tion material on steel.4.3. Slim ﬂoor systems with intumescent coating
FE modelling for slim ﬂoors, assumed to be protected with intumes-
cent coating applied on the exposed lower ﬂange, is performed by com-
bining the veriﬁed models from Sections 3.1 and 3.2, details of FE
modelling have been provided earlier in Section 3.3. It is seen in
Fig. 17 that the presence of intumescent coating on the exposed surfaces
of the lower ﬂange reduces the temperatures on the steel section signif-
icantly in comparison to those predicted for the unprotected slim ﬂoors.
For the parts of the steel section which are close to the exposed surface,
the reduction in temperature is more substantial and this difference re-
duces with the increase in distance towards the unexposed surfaces.
The steel part on the far side are less inﬂuenced by the application of
intumescent coating as they are already encased by concrete slab
protecting them from direct exposure to ﬁre. Further, structural re-
sponse has also improved signiﬁcantly.
Thermal predictions for WFRC 66162 protected assembly have
been plotted against the previous thermal predictions obtained for
unprotected case as shown in Fig. 18. It is seen that the predictedﬂoors; (a) WFRC 66162, (b) WFRC 67756.
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Fig. 19. Protected vs unprotected, mid-span deﬂection, WFRC 66162.
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Fig. 21. Protected vs unprotected, mid-span deﬂection WFRC 67756.
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section B-B. In case of unprotected assembly, maximum temperatures
were predicted to reach 800 °C after 60min ﬁre exposure at thermocou-
ple location 1. However, in case of the protected assembly, these tem-
peratures are below 400 °C for the same duration of standard ﬁre
exposure for the same location. For the same slim ﬂoor assembly, max-
imum temperatures were predicted to bemore than 1000 °C for the un-
protected case for an exposure of 120 min which now has reduced and
is just above 600 °C for the same duration of heating at same location.
Reduced temperature predictions indicate that the protected slim ﬂoors
will undergo lesser deﬂections as the strength and ductility of materials
will remain higher being at lower temperatures displaying higher ﬁre
resistance.
The structural response for WFRC 66162 protected slim ﬂoor is pre-
sented in terms of the predictedmid-spandeﬂections obtained from the
FE modelling. For comparison purposes, deﬂections for protected and
unprotected case are also plotted in Fig. 19. In case of protected slim
ﬂoor assembly, deﬂection has reduced signiﬁcantly and is 49 mm after
120 min and under a degree of utilization of 0.423. This is much lesser
than the deﬂection predicted for unprotected assembly for which it0
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Fig. 20. Unprotected (UP) vs protected (P) thermal prediwas 186.5 mm after 102 min of standard ﬁre exposure under the
same loading conditions. Hence, the protected slim ﬂoor assembly
displayed a ﬁre resistance of more than 120 min under a degree of uti-
lization of 0.423 exposed to standard ﬁre. It should be noted that the FE
analysis was stopped after 120 min at which the ﬂoor assembly contin-
ued to support the applied loads.
Temperature prediction for assumed protectedWFRC 67756 assem-
bly also reduced signiﬁcantly in comparison to the unprotected case.
Temperature predictions are plotted for protected and unprotected
cases in Fig. 20. Like in the previous case, maximum temperatures
remain within 400 °C for a ﬁre exposure of 60 min. For 120 min ﬁre ex-
posure, maximum temperatures have slightly exceeded 600 °C at ther-
mocouple location 1. It should be noted that predicted maximum
temperatures were signiﬁcantly higher for same slim ﬂoor assembly
without ﬁre protection. Concrete and steel decking were not protected
with intumescent coating during the FE modelling, hence, no compari-
sons are made for thermocouple locations in concrete or decking.
Mid-span deﬂection for protected WFRC 67756 assembly is plotted
against that predicted for the unprotected case and is given in Fig. 21.
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200
400
600
800
000
200
0 50 100
FE 
EXPERIMENTAL
ISO 834
T ºC
t (min)
1_UP
2_UP
3_UP
4_UP
5_UP
1_P
2_P
3_P
4_P
5_P
(b)
ctions WFRC 67756; (a) section A-A, (b) section B-B.
-200
-175
-150
-125
-100
-75
-50
-25
0
0 15 30 45 60 75 90 105 120
Protected with 43% LR
Protected with 100% LR
Unprotected with 43% LR
t (min)
mm
Fig. 22.Mid-span deﬂection at different load levels, WFRC 66162.
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unprotected assembly was 150 mm after 75 min. Hence the protected
assembly displayed a ﬁre resistance of more than 120 min as it contin-
ued to support the applied loads. Here again, FE analysis was stopped
after 120 min.
For protected slim ﬂoors, FE modelling for the slim ﬂoors protected
with intumescent coating was further extended to predict their re-
sponse in ﬁre under their full degree of utilization, i.e., without any re-
ductions in applied loads. There can be instances where external loads
remain unchanged during a ﬁre event and the applied ﬁre protection
is intended to enhance the ﬁre resistance time in such load conditions.
Results show that the deﬂections were higher for both slim ﬂoors
with full degree of utilization in comparison to those with lower degree
of utilization. It can be seen in Fig. 22 that deﬂections for WFRC 66162
are much higher under this loading condition. However, the slim ﬂoor
again displayed a ﬁre resistance of more than 120 min at which the de-
ﬂectionwas 222mmand rate of deﬂectionwas 5mm/min and the ﬂoor
assembly continued to support the applied loads.-200
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Fig. 23.Mid-span deﬂection at different load levels, WFRC 67756.In case of protected WFRC 67756, predicted ﬁre resistance was
110 min under full degree of utilization as shown in Fig. 23. At this
point, rate of deﬂection was rapid and failure occurred due to loss of
strength and stiffness of materials.
For both protected slim ﬂoors, temperatures in the steel section
remained below 400 °C for a ﬁre exposure of 60 min, hence, they
displayed a higher ﬁre resistance under full loading. It is seen in
Fig. 22 and Fig. 23 that the protected slim ﬂoors offer a higher ﬁre
resistance under full loading as compared to the unprotected ﬂoors
with lower degrees of utilizations of 0.423 and 0.390 respectively.
5. Conclusions and future work
This research presents a FE modelling approach to predict the ther-
mal and thermo-mechanical response of unprotected and protected
slim ﬂoors in ﬁre. Initially, FE modelling has been performed for
unprotected slim ﬂoor tests and for a test conducted on steel angle
with intumescent coating applied on its surface. Predicted results have
been veriﬁed against the data acquired during the test. The veriﬁed FE
models have then been combined to model the thermal and thermo-
mechanical response of slim ﬂoors with protected bottom ﬂanges. The
assumed protected slim ﬂoors are similar to those used in tests except
that a layer of intumescent coating is applied on the bottom ﬂange. Fire
performance of slim ﬂoors, protected and unprotected are not covered
by the current Eurocodes, hence, this study can contribute to devise sim-
ple ﬁre design methods for these types. Conclusions from this study and
the potential future developments have been listed below;
• FE modelling approach used in this study predicts thermal and struc-
tural behaviour of slim ﬂoors in ﬁre.
• Unlike traditional composite ﬂoorings where majority of steel section
is exposed to ﬁre and resulting web and top ﬂange temperatures are
high, concrete in slim ﬂoors provides encasement to the steel section,
as a result, the temperature developments in these parts remain low
even for higher durations of ﬁre exposure.
• Slim ﬂoors have a very high temperature gradient across their section.
• Temperature developments and structural performance in terms of
vertical deﬂections predicted using FE modelling are in very good
agreementwith the test data. Hence, this approach can beused to pre-
dict structural response of unprotected slim ﬂoors in ﬁre.
• Results on the thermal response of intumescent coating show that the
FE modelling approach used can predict this behaviour at elevated
temperatures.
• Temperatures in steel section are signiﬁcantly reduced due to the
presence of a ﬁre protection material which results in better ﬁre
resistance.
• Thermal predictions for protected slim ﬂoors show that temperatures
in steel section remain within 400 °C for a 60 min of ﬁre exposure.
• Lesser temperatures in steel part for protected slim ﬂoor improves its
ﬁre resistance as the protected slim ﬂoors offer a ﬁre resistance of
more than 120 min under degrees of utilization of 0.423 and 0.390.
• Protected slim ﬂoor assemblies offer a higher ﬁre resistance even for
loadings representing their full capacity at ambient temperatures.
As this study is limited only to FEmodelling, experimental investiga-
tions on protected slim ﬂoors need to be performed to study their
response in ﬁre and to estimate the accuracy of the FE modelling
approach presented in this study.
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